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CONVERSION FACTORS AND ABBREVIATIONS
For readers who prefer to use metric (International System) units rather than the inch-pound units used in this report, values may be converted by the following factors:
Multiply inch-pound unit by To obtain SI (metric) unit foot (ft) 0.3048 meter (m) acre 4,047 square meter (m3 )
INTRODUCTION
Plumes of contaminated ground water from waste-disposal sites can pose health risks to the local populace if the ground water is the sole source of supply for the area. Typically, a plume is identified through chemical analysis of water samples from several wells at the area of concern. This method can be costly in terms of the drilling, sampling, and analyses, and, in addition, the sites chosen for observation wells may miss the contaminant plume entirely.
Electromagnetic techniques have been effective in detecting contaminant plumes where the electrical conductivity of the plume differs significantly from that of the ambient ground water (Duran and Haeni, 1982) . These techniques are relatively inexpensive, the equipment is portable and simple to operate, and the results are easily interpreted. Although these methods cannot determine the chemical composition of the plume, they can often delineate its extent and thereby facilitate monitoring-we11 placement, which .f minimizes the number of wells needed.
In 1983, the U.S. Geological Survey began a study in cooperation with the Suffolk County Department of Health Services, Suffolk County Water Authority, Nassau County Department of Public Works, and the Town of Brookhaven, to assess the utility of electromagnetic-terrain-conductivity surveying for detecting contaminant plumes on Long Island. Long Island is appropriate for this technique because the ground water generally has a low conductivity, and the aquifer material is highly permeable.
Five sites with varying geohydrologic and contaminant characteristics were selected for testing. The East Meadow artificial-recharge site is in central Nassau County; Blydenburgh landfill is in the center of western Suffolk County; the Horseblock Road landfill and the Manorville scavengerwaste-disposal facility are in south-central Suffolk County; and the Riverhead landfill is in northeastern Suffolk County. Site locations are shown in figure 1.
Purpose and Scope
This report presents the results of a study to assess the usefulness of the electromagnetic terrain-conductivity surveying technique for detecting and delineating contaminant plumes in ground water on Long Island and to determine the types of sites to which the technique may be applicable. The five sites were chosen to represent a variety of cultural, geohydrologic, and contamination settings typical of Long Island. Specific conductance of ground water at each site was measured for comparison with the electromagnetic terrain-conductivity data. This report describes the principles of electromagnetic-terrainconductivity surveying and discusses results of the survey at each site.
Geohydrologic Setting

Geoiogy
Long Island consists of a sequence of unconsolidated sedimentary deposits that rest unconformably on Precambrian to Paleozoic crystalline bedrock ( fig. 2) . The major units overlying the basement bedrock are, in ascending order, the Raritan Formation, the Magothy Formation and Matawan Group, undifferentiated, and Pleistocene deposits. The geology of Long Island is well documented; comprehensive reports include those by Cohen, Franke, and Foxworthy (1968) and Jensen and Soren (1974) .
Only the surficial Pleistocene deposits were of concern in this study because the equipment's depth range extends to only about 100 ft below land surface. The upper Pleistocene deposits consist of till and outwash deposits of clay, sand, gravel, and boulders; the lower Pleistocene deposits consist of the Gardiners Clay along parts of the south shore, and an unnamed clay along the north shore ( fig. 2 ). Matawan and Magothy deposits, consisting of fine to medium sand and gravel with interbedded silt and clay, occur locally within 100 ft of the land surface.
Hydro Logy
Fresh ground water on Long Island is stored in aquifers, which are the sole source of water supply for Nassau and Suffolk Counties ( fig. 1 ).
Comprehensive descriptions of the hydrology of Franke and McClymonds (1972) and McClymonds aquifers are the Lloyd, the Magothy, and the Lloyd aquifer is confined by the Raritan clay, source of freshwater and the principal aquifer Layers within this aquifer are poorly to are highly permeable. The upper glacial aquif supplies in Suffolk County, ranges in compositi to highly permeable outwash deposits. This conditions and, in some areas of the north and the only source of fresh ground water.
Long Island are provided by . The primary t.pper glacial ( fig. 2) Stewart (1982) has shown the usefulness of electromagnetic techniques to map the position of the saltwater interface along the Florida coast. Other investigators have applied this technique to detect contaminant plumes from various sources in several regions (McNeill, 1980a; Duran and Haeni, 1982; Greenhouse and Slaine, 1982; and Grady and Haeni 1984) .
The equipment used in this survey was the EM34-3 1 , manufactured by Geonics Ltd., of Mississauga, Canada. The EM34-3 consists of a transmitter and transmitter coil held by one person, and a receiver and receiver coil held by a second person. The two components are connected by a specified length of cable. Physical contact with the ground is not necessary, and the coils are simply held up or set on the ground when a reading is taken.
Principle and Methods
Electromagnetic, or inductive, techniques measure the electrical conductivity of the subsurface materials.
(Conductivity is the inverse of resistivity.) Distilled water has a specific conductance of approximately 1.0 fiSfcm (microsiemens per centimeter) (Hem, 1970) . Ambient ground water in the upper glacial aquifer has a specific conductance of roughly 60 /JS/cm in Islip and Babylon (Kimmel and Braids, 1980) and 45 fiSfcm in Brookhaven (E. J. Wexler, U.S. Geological Survey, written commun., 1984) . The specific conductance of water increases with the addition of ions.
Water passing through a landfill or other contaminant source typically dissolves some materials, which increases the specific conductance of the ground water. In such cases, specific conductance may become a reliable indicator of ground-water contamination. Leachate from Long Island landfills may have a conductance of more than 1,000 //S/cm (Kimmel and Braids, 1980; Wexler, in press ). The sharp contrast between specific conductance of a leachate plume and that of uncontaminated ambient ground water allows the use of electromagnetic techniques in the detection of conductive plumes.
Electromagetic methods measure collectively the conductivity of the soil matrix, including any ground water or other fluid present. Air and dry sand are resistant, a given soil is more conductive saturated than unsaturated, and clay is conductive (McNeill, 1980b) . The measurement of terrain conductivity is similar to measurement of specific conductance of ground water, but the two techniques measure different substances and can be compared only qualitatively and are not directly related. Conductive minerals such as magnetite, hematite, and graphite also raise the conductivity of a soil.
In inductive electromagnetic techniques, an alternating current is passed through a coil to generate a magnetic field that penetrates the earth. This magnetic field induces a small current in the secondary magnetic field out of phase with the placed a specific distance (the intercoil spaci and receives the secondary magnetic field. At ratio of the secondary to primary magnetic fields the terrain's conductivity. The terrain condu McNeill (1980a) The terrain-conductivity reading is a wei conductivity of the entire geologic column down instrument's response to a layer of material at the layer divided by the intercoil spacing, is figure 3. (Note that the vertical dipole posJ horizontal position to material at depth. To layer at depth, the column is resolved into a With the six settings listed in table 1, the differentiated into four layers. To investigate practical or realistic, however, and the approach was to consider the simplest or most logical two-layer geoelectric column in which the upp«sr unsaturated zone, and the lower layer is the < earth, which generates a first. A receiver coil is ng) from the transmitter coil low transmission frequency, the is linearly proportional to ctivity is thus described by (1) ens per centimeter (/jS/cm); is, the depth to which n the instrument's intercoil orientation of the coils relative eologic factors may affect the in the section on field (fig. 3) ; the vertical dipole the horizontal dipole position ghted measurement of the to the penetration depth. The depth z, where z is depth to described by the two curves in tion is more sensitive than the determine the contribution of a series of geoelectric layers, column theoretically can be four layers may not be taken in this investigation representation that of a layer is the resistant onductive saturated zone. The contribution of the upper layer to the apparent conductivity is (McNeill, 1980a) :
where Ry and RJJ are functions of the curves in figure 3 , and aQ , Ol , and 0Z , (defined below) are the terrain conductivity and the values for the upper and lower layers, respectively. Subscripts V and H designate vertical and horizontal dipole orientations. Similarly, the contribution of the lower layer to the apparent conductivity is:
The terrain conductivity of the geoelectric column is the sum of the components :
The conductivity of the lower layer (the saturated zone) becomes:
'2H
-RH ]
Algebraic expressions of the relative contribution functions, the curves of figure 3, are given by McNeill (1980a) as:
therefore The conductivity of the lower layer, from equations 3 and A, given the z depth, the conductivity of the upper layer. For example, a hypothetical station is 20 ft, and the The z depth is then 20 ft divided by 66 ft or the z depth into equation Aa gives a vertical function of 0.86. If the measured vertical 5.00 mmho/m and the unsaturated zone conductivity conductivity of the saturated zone given by Equations 3 and A can be incorporated into a s large amounts of data rapidly. This procedure investigation, and all electromagnetic-survey saturated-zone conductivity. The conductivity layer is most easily determined from the depth to water exceeds the instrument's depth conditions can be assumed consistent over the intercoil dipol equation average .phrased Parts of the above discussion are para gives a more complete explanation of the theory netic terrain-conductivity surveying and the
Field Considerations
A thorough terrain-conductivity survey orthogonally oriented stations spanning the surface and water-table altitude at each statd corrections can be made for the unsaturated distance between stations should not exceed plume to ensure that the plume is not passed not always practical, however; traverse lines survey, and the distance between stations is Measurements at each station are made in dipole position to give an indication of the Interpretation should be made with caution depth limit of either dipole measurement.
Before a terrain survey is begun, the both the natural field conditions and cultura conductance. Natural factors include the geo and geophysical logs should be referred to if unsaturated zone must also be known because the EM3A-3 used in this survey is about 100 ft. significant effect; for example, a highly contaminant plume beneath that zone. Therefore desirable. The cultural features that may -2z
, is readily calculated terrain conductivity, and the the depth to the water table at spacing used was 66 ft. a dimensionless 0.30. Placing dipole relative contribution e terrain conductivity was was 1.00 mtnho/m, the 3a is 5.65 mtnho/m. imple computer routine to handle was followed in this results are expressed as of the upper (unsaturated) of several readings where the of exploration, if the study area.
from McNeill (1980a) , which and application of electromagGeonics EM3A-3.
would require a grid of entire study area. The landon must be known so that zone's contribution. Ideally, the half the width of the suspected over undetected. This plan is commonly replace the grid often set at a convenient value.
both the vertical and horizontal vertical conductivity contrast, the depth to water is near the investigator should be aware of features that may affect the ogic and hydrologic conditions, available. The thickness of the maximum exploration depth of Geologic factors may have a zone can mask a a resistant upper zone is conductivity readings the cone uctive af J:ect include such objects as metal fences, powerlines, buried cables, pipelines, vehicles, buildings, and any other conductive structures. Above-ground structures affect measurements because the primary magnetic field extends above ground also. The effects of such interferences are readily noticed, and the station or traverse line should be relocated accordingly. If interference is suspected and the source cannot be identified or avoided, the data may need to be discarded.
The investigator should first assess what kinds of results are likely; for example, the degree of contrast between the contaminant plume and the ambient water and where the plume might be found. A computer program that yields conductivities for given hydrogeologic conditions has been developed (F. P. Haeni, U.S. Geological Survey, written commun., 1985) . This prior knowledge can help to distinguish between the plume and spurious data so that appropriate actions, such as relocating a traverse line, can be taken.
SITE SURVEYS TO DETECT CONTAMINANT PLUMES
This section presents results of the 1983 and 1984 surveys at the five sites selected. Site locations are shown in figure 1.
Horseblock Road Landfill
The Horseblock Road landfill, the principal landfill for the Town of Brookhaven, is a 60-acre lined landfill that was opened in March 1974. It accepts brush and mixed municipal wastes. The bottom of the landfill was excavated to approximately 10 ft above the water table and has a plastic liner.
The landfill is immediately north of Sunrise Highway and west of Yaphank Road (fig. 4) . The surrounding vicinity is rural with low topographic relief and is bordered by land locally referred to as the Pine Barrens. The area is essentially in a natural state and contains scrub pine and oak.
HydrogeoLogy
The thickness of the unsaturated zone at this site ranges from 0 ft at Beaverdam Creek, which flows southward through the area, to 50 ft at the western edge of the landfill. This thickness represents the difference between the land surface and water-table altitude in November 1983 (fig. 4) . The upper glacial aquifer has a saturated thickness of approximately 120 ft. The direction of ground-water flow is southeastward, and flow is predominantly horizontal (Wexler, 1986 ). This site is underlain by glacial outwash deposits of interbedded fine to very coarse sand and gravel with lenses of clay and silty sand; the materials have a medium to high hydraulic conductivity (Wexler, 1986) . Beneath the upper glacial aquifer is the Gardiners Clay ( fig. 2) , which consists primarily of clay and silt and forms a semiconfining unit that restricts downward flow of ground water. Specific-conductance values of ground water measured during November 1983 in the landfill vicinity are listed in table 2. The values ranged from 50 /fS/cm (background level for this area) to 2,600 /fS/cm at the eastern edge of the landfill. The approximate configuration of the contaminant plume, based on specific-conductance values at wells screened within 100 ft of land surface, is depicted in figure 5 . The plume is elongated in the direction of ground-water flow (southeastward), and its width does not exceed the maximum width of the landfill. 
Results of Terrain-Conductivity Survey
Terrain conductivity was measured in the vertical and horizontal dipole modes during January 1983. Survey lines were run along roads and trails with an intercoil spacing of 66 ft. The lines ( fig. 6 ) included 201 measurement stations approximately 98 ft apart; their locations are shown in figures 7 A (vertical dipole) and 7B (horizontal dipole). The measurements were adjusted through equations 3 and 4 to remove the effect of the unsaturated zone, as described in the methods section, and are plotted in figures 6 and 7 as saturated-zone electromagnetic conductivities. Thickness of the unsaturated zone was determined from topographic contours and the water-table-altitude map, both shown in figure 4 . The conductivity of the unsaturated zone, for use in equation 3, was determined to be approximately 1.0 mmho/m.
At this site, conductivity values below 5 mmho/m can be considered within the background range because this level roughly corresponds to measured specific conductance values of 250 /zS/cm or less. The elevated conductivities in traverse line H ( fig. 6 ) clearly suggest leachate from the landfill. These peaks correspond to areas showing high specific conductance at shallow observation wells, particularly in the northeast corner of the landfill. Because no cultural sources of interference were evident, these peaks may represent areas either where the liner has a significant leak or where leachate is overflowing the liner. Two peaks in traverse H adjacent to the southeast corner of the landfill can be traced downgradient to traverse G, where they are still well defined. At traverse F, the two peaks are still evident but less defined, particularly at the shallower depths (horizontal dipole survey), where the conductivity has decreased. Further downgradient at traverse D, one peak is present but barely recognizable, and at traverse E, the conductivity has dropped to background level.
Conductivity contours based on the vertical-and horizontal-dipole surveys are presented in figure 7A and 7B, respectively. The primary axis of the plume trends southeastward from the southeast corner of the landfill, along the direction of ground-water flow ( fig. 4) , and is shaped much like the specific-conductance anomaly in figure 5 . Values range from background lows of less than 2 mmho/m outside the plume to a high of 90.3 mmho/m at the eastern edge of the landfill. The two conductivity peaks noted earlier are evident in these maps but are less distinct. The larger peak makes up the main axis of the plume, whereas the lesser peak, which emanates from the southwest corner of the landfill, cannot be distinguished. The terrain-conductivity anomaly widens along Sunrise Highway, which probably reflects infiltration of road salt from the highway.
The anomaly revealed in the two conductivity maps is similar to that indicated by the ground-water analysis; thus, the electromagnetic technique can be considered successful at this site. Also, the electromagnetic method yields more lateral detail than the ground-water analysis because it provides a greater number of measurement points. 
Manorville Scavenger-Waste-Disposal Facility
Liquid domestic and industrial wastes were deposited in a series of excavated settling basins at this site from 1964 through November 1982, when the facility ceased operation; solid wastes were buried during 1960-82. After closing in 1982, the basins were allowed to dry, and the remaining material in the bottom of the basins was removed.
The disposal site is northeast of the intersection of Paper Mill Road and Chapman Boulevard (fig. 8) . Like the Horseblock Road site, the area is rural and surrounded by pine barrens, and the topographic relief is low.
HydrogeoLogy
The upper glacial aquifer underlying the Manorville facility consists of highly permeable Pleistocene sand and gravel similar to that at the Horseblock Road landfill (Eckhardt and Wexler, 1986) . The upper glacial aquifer is approximately 160 ft thick at this site. It contains no intervening clay layers and probably rests on relatively impermeable Pleistocene clays (Eckhardt and Wexler, 1986) , although no data were available to confirm this. Eckhardt and Wexler (1986) present a water-table map of the study area, part of which is shown in figure 8 . The depth to water is approximately 45 ft at the facility and ranges from 28 to 65 ft over the study area. The direction of ground-water flow is southeastward (Eckhardt and Wexler, 1986) .
Water Quaiity
Chemical properties of the liquid wastes that were ponded in one of the settling basins and also of liquid wastes before their deposition in the basins are given in Dvirka and Bartilucci (1981) . Specific conductance of these wastes was 793 /iS/cm for the settling liquid and 1,173 /iS/cm for the liquids before deposition (Dvirka and Bartilucci, 1981) .
Specific conductance of water from wells screened within 100 ft of land surface (table 3) (E. J. Wexler and M. P. Scorca, U.S. Geological Survey, written comraun., 1984) reveals ground-water contamination downgradient from the site. A maximum conductivity of 1,647 //S/cm was found at well site M3 immediately southeast of the site (fig. 9) ; water from adjacent wells also had moderately high values. Background values of 58 /iS/cm or less were measured north of the site and outside the plume. The elevated conductance at well site M13 is unexplained but probably is not related to the contaminant plume.
Results of Terrain-Conductivity Survey
A terrain-conductivity survey was conducted in January 1983 with an intercoil spacing of 66 ft. Survey lines were run along accessible roads and trails; their locations are shown in figures 11A (vertical dipole) and 11B (horizontal dipole). The data were adjusted through equations 3 and 4 to remove the effect of the unsaturated zone, as described in the methods Traverses D and C both fully bisect a conductivity anomaly. Traverse D shows a conductivity high of 7.3 mmho/m that declines to less than 2 mmho/m. The similarity between the vertical-and horiz6ntal-dipole surveys of this traverse suggest that the vertical concentration gradients are fairly uniform in the upper water table. Further from the sife, along traverse C, the anomaly is still evident but diminishes, particularly in the shallower (horizontal dipole) depths. Traverse B seems £o have contained the toe of the plume, if conductivities less than 2 mmho/m ar£ within the background range for this site. A gently diminishing conductivity gradient is seen in traverse A between traverse C and B, as expected. fig. 11 .)
The saturated-zone electromagnetic-conductivity contours (figs. 11A and 11B) reveal the configuration of the plume emanating from the site in the direction of ground-water flow. The plume indicated on these maps extends nearly to Sunrise Highway, but additional water-quality data in this vicinity would be needed to confirm the location of the toe of this plume. The saturated-zone conductivities measured at this site, with a maximum of about 7 mmho/m, are not exceptionally high in relation to those at the Horseblock Road landfill or the Riverhead landfill (discussed in the next section). However, the specific conductance of water samples from this location confirms ground-water contamination. Greater depths to water at this site and lower specific conductance of the contaminated ground water here than at the Horseblock Road or Riverhead sites account for the relatively small magnitude of this anomaly.
The electromagnetic survey at this site can be considered successful because the results are similar to those indicated by the specific conductance of water samples from observation wells. Again, the electromagnetic survey provided greater lateral resolution than the water-sample analysis. fig. 1 .)
Riverhead Landfill
The Riverhead landfill consists of two adjacent disposal sites on the north and south sides of Youngs Avenue, just west of Osborn Road ( fig. 12 ) The surrounding vicinity is open farmland and relief and few houses.
wooded areas with moderate
The north landfill occupies 20 acres and was operated from the mid-1920* until 1969. The type of material deposited w^s not recorded. The south landfill occupies roughly 40 acres and began <f>peration when the north site closed; both are unlined. It is now the principal landfill for the Town of Riverhead. The materials accepted here are w£ste oil, municipal wastes, and scavenger wastes. The bottom of the south landfill is 5 to 15 ft above the water table.
HydrogeoLogy
The upper glacial aquifer is approximately 200 ft thick at this site and consists of fine-to coarse-grained sand and gravel with discontinuous clay layers. A silty clay 5 ft thick lies a few feet below the north end of the south landfill (Holzmacher, McLendon, and Murrell, 1975) but has not been observed in well loggings elsewhere at the silpe. Also underlying the south landfill is a 20-ft-thick, solid to silty clay approximately 95 ft below land surface. This layer was indicated by well lojjs to be continuous within the site vicinity south of the landfill, but it was not found immediately to the northeast or to the east.
A regional water-table map by Donaldson ^nd Koszalka (1983) indicates that the Riverhead landfill is fairly close to the regional ground-water divide and therefore in an area of deep-aquifer recharge. The local water-table contours ( fig. 12) indicate the general flow direction to be northeastward. Two recharge basins are close to the landfills and may influence the local water-table altitude. The east basin collects runoff primarily from the field east of Osborn Road; overflow area for the east basin. The east basin often retains a few feet of standing water for several days after a rainfall. Water levels in nearby wells indicate that the water table beneath this basin is mounded about 1 ft above the regional water-table altitude.
Water Quaiity
A leachate plume in the area is indicated by high specific conductance of water from wells screened within approximately 100 ft of the land surface (table A) . Background values south of the sitpe are low 112 /iS/cm at well R9 and 78 /iS/cm at well R8 ( fig. 13) , and immediately west of the primary recharge basin 85 /iS/cm at well R2. The specific-conductance contours show the high values along the path of ground-water flow from the landfills. the west basin serves as an
Resuits of Terrain-Conduct Ivity Survey
The terrain-conductivity survey at this ^ite during April 198A was based on a 66-ft intercoil spacing. The survey lines were run through agricultural fig. 1.) fields; the measurement stations were 164 ft s.part. The measurements were adjusted through equations 3 and 4 to remove the effect of the unsaturated zone, as described in the methods section, anc| are plotted on figures 14 and 15 as saturated-zone conductivities. Thickness of the unsaturated zone was determined from topographic contours and the water-table altitude map, both given in figure 12 . The conductivity of the Unsaturated zone, for use in equation 3, was determined to be approximately 1.0 mmho/m.
Vertical and horizontal dipole values, contoured in figures 14A and 14B, respectively, reveal a conductivity anomaly similar to that indicated by specific conductance of ground water ( fig. 13) . A plume can be delineated, somewhat arbitrarily, at 5 mmho/m, which rougtyly corresponds to a specific conductance of at least 500 /*S/cm in ground w^ter at this site. The delineation is arbitrary because few specific-fconductance data points are available with which to correlate the electromagnetic data. The primary axis trends north in a narrow zone along the direction of ground-water flow from the landfills, which is consistent with the observation of Kimmel and Braids (1980) , who, in a study of two other Long Island landfills, noted little lateral dispersion of the leachate plumes. The conductivity decreases toward background levels to either side of the plume, as seen in lines H, E, and D of figure 15 . The primary axis is marked by conductivity values exceeding 15 mmho/m; the higher values are at greater depths, as in traverses C and D ( fig.  15 ). Of the traverses showing elevated conductivity, those nearest the landfills--for example, lines B and H--generally show small contrast in vertical dipole values, whereas at greater distances (lines A, C, and F), the contrast in dipole values becomes more apparent. This suggests that the contaminant plume is somewhat homogeneous with depth near the landfill but becomes stratified with distance.
The part of the plume that trends north may represent a "slug" of older leachate that originated from the north landfill. More recent leachate from this area seems to be diminishing in concentration. The precise location of the toe of this plume was not detected in this; investigation but is probably near the area indicated in figure 14. A second, more widely dispersed plume trends eastward from between the two landfills. The direction of this trend is^ probably the result of a locally altered ground-water flow pattern caused by the east recharge basin. Plume stratification is evident in traverses A and F (fig. 15 ). Saturatedzone conductivity is greater in the upper parlj: of the ground water, where the plume apparently is concentrated. The conductivity peak of traverse A also is prominent in traverse F. Specific-conductance values at well site R7 (table 4) also are elevated, but plume stratification is slight. Large conductivity fluctuations with time have been noted in lea<jihate plumes on Long Island (Kimmel and Braids, 1980) ; therefore, direct Correlations between specificconductance data and electromagnetic-survey d£ta, which were obtained more than 1 year later, cannot be made with accuracy at this site.
The anomalously low saturated-zone conductivity around the primary recharge basin probably results from relatively clean recharge water, which diverts the flow of leachate. Traverse H ( fig. 15 ) shows a shallow (horizontal dipole) area of low conductivity £long the line of ground-water flow from this basin. This anomaly is confirmed by specific-conductance data from wells R2 and R3 (table 4) west of the basin. The survey at this site can be considered successful because the results compare favorably with the observation-well analysis. As at the two sites described previously, the electromagnetic survey yields greater lateral resolution than is possible from ground-water| analyses because the number of well sites is small. Even though the saturated-zone conductivity and specific conductance data cannot be correlated directly, generalized correlations are plausible in that high values of each data oc 
Blydenburgh Road Landfill
The Blydenburgh Road landfill is on the west side of Blydenburgh Road north of Long Island Motor Parkway ( fig. 16 ). This area contains several housing developments and major roads. The relief is hilly, and the land-surface altitude exceeds 150 ft.
The Blydenburgh Road landfill has been operating since 1927 and is now the principal landfill for the town of Islip. It occupies approximately 50 acres and is partly lined. The material includes mixed municipal wastes, scavenger wastes, and waste oil. fig. 1 .)
The Blydenburgh site lies on upper Pleistocene deposits, which extend to approximately 300 ft below land surface. Drillers' logs reveal that these deposits consist of coarse-to fine-grained sand with gravel, boulders, and laminae of silty sand and clay. The hydraulic conductivity of these materials is generally low to moderate (Jensen and Soren, 1974) . Depth to the water table is approximately 110 ft, and the water surface is essentially level at 40 ft above sea level within the site. A regional water-table map by Donaldson and Koszalka (1983) shows that this site is on the water-table divide and thus in an area of deep-aquifer recharge.
Water Quality
Ground water beneath the site was examined by Velzy Associates (1981) at the four well sites indicated in figure 16 . Contamination was found at well Bl, immediately southeast of the landfill, with a specific conductance of 1,000 /iS/cm. No contamination was observed at sites B2, B3, or B4, and specific conductances were low; thus no plume could be delineated at this site.
Results of Terrain-Conductivity Survey
A terrain-conductivity survey was conducted at this site during April 1984. The area parallel to Motor Parkway ( fig. 16 ) was examined because it transects the most likely path of a leachate plume and was readily accessible and because cultural interferences were least likely there. An intercoil spacing of 131 ft was used because the depth to water exceeded 100 ft.
Cultural interferences in this area were found to be excessive, however, and gave inconsistent and unreliable data. Thus, the electromagnetic survey was unsuccessful at this site. The interferences included traffic on Motor Parkway and buried water mains crossed by the traverses. A nearby high-power transmission line north of the parkway, and utility-service cables south of the parkway, probably also disturbed the readings. The terrain conductivity was also examined at the south edge of the landfill. Here, too, the depth to water necessitated the 131-ft intercoil spacing, and again, the disturbances were excessive.
Use of the 131-ft intercoil spacing seems to heighten the effects of cultural disturbances. At wide spacing, the magnetic field received is weaker than that obtained from shallow depths with shorter spacings; thus background electromagnetic "noise" may outweigh the electromagnetic properties of materials being examined and produces anomalous or constantly shifting readings.
East Meadow Artificial-Recharge Site
The East Meadow recharge site encompasses 35 acres owned by Nassau County in the triangular area southeast of the intersection of Salisbury Park Drive and Carman Avenue (fig. 17) . The site includes a sewage-disposal plant and an artificial-recharge site. The surrounding area is suburban with negligible topographic relief. fig. 1 .)
The sewage-disposal plant operated until 1979, and the recharge site discontinued its operation in 1984. The recharge operation, described in detail by Aronson (1980) and Schneider and Oaksford (1984) , incorporated 11 basins and 5 injection wells designed to receive a total of 4 Mgal/d of reclaimed water. The basins are shallow (5 ft) and transmit water to the water table; the injection wells are screened 65 to 95 ft below land surface and inject water directly into the top of the Magothy aquifer.
HydrogeoLogy
The site is on upper Pleistocene deposits of highly permeable outwash sand and gravel (Katz and Mallard, 1980) . Core borings show these deposits to extend 50 to 70 ft below land surface (Aronson and others, 1983) . Magothy deposits are in hydraulic contact with the Pleistocene deposits and are within the exploration depth of this investigation, approximately 100 ft. These deposits consist of fine to medium sand, silt, clay, and gravel (Katz and Mallard, 1980) . Interbedded silt and clay lenses are discontinuous and generally less than 5 ft thick (Aronson, 1980) . The local water-table configuration is shown in figure 17 . The direction of ground-water flow is generally southward, and the thickness of the unsaturated zone is approximately 35 ft. A regional water-table map by Donaldson and Koszalka (1983) indicates that this is probably an area of moderately deep aquifer recharge.
Water Quality
Reclaimed wastewater used for recharge at this site was supplied by an offsite advanced wastewater-treatment plant designed to produce potable water (Aronson and others, 1983) . The chemical quality of the native ground water at this site has been described by Katz and Mallard (1980) , Aronson and others (1983) , and Schneider and Oaksford (1985) . Specific conductance of shallow ground water ranges from 200 to 500 /fS/cm; that of reclaimed water ranges from 800 to 1,100 /fS/cm (Schneider, U.S. Geological Survey, written comun., 1984) . Reclaimed water of relatively high specific conductance underlies the site ( fig. 18) , and sharp contrasts of more than 600 /fS/cm have been measured between this plume and the ambient water over short lateral distances.
Results of Terrain-Conductivity Survey
Terrain-conductivity surveys were conducted in January 1983 in areas believed to be least influenced by cultural interferences (fig. 18 ). An intercoil spacing of 66 ft was used to penetrate the aquifer materials in question.
Electromagnetic surveying was unsuccessful because this site is heavily influenced by cultural interferences. The residential street along which an electromagnetic traverse was conducted was influenced by water mains and sewer lines under and alongside the road, and by power and telephone lines over the road. The traverses immediately south of the site were disturbed by a fig. 1.) high-power transmission line and chain-link fences. The area immediately north of the site was initially expected to be more promising because it is an agricultural field. However, disturbances from nearby sources affected this region, too; these included traffic on Salisbury Drive, buried power and telephone cables adjacent to the road, and a chain-link fence.
SUMMARY AND CONCLUSIONS
Electromagnetic terrain-conductivity surveys were conducted at four landfills and one artificial-recharge site on Long Island to assess the utility of this technique in contaminant-plume detection and delineation. This technique was successful at three of the sites--Horseblock Road, Manorville, and Riverhead where a contaminant plume was detected and confirmed by water-quality data.
This technique was ineffective in detecting plumes at the Blydenburgh landfill and East Meadow recharge site, where cultural interfences were excessive; the large depth to water at the Blydenburgh site (approximately 110 feet) was an additional limiting factor.
Cultural interferences included underground pipelines and utility cables, overhead cables, metal fences, and traffic. Therefore, investigations of this type are more effective in areas with fewer or avoidable interferences.
Depth stratification of contaminant plumes was examined, but corresponding water-quality data had been taken months before or after the terrainconductivity surveys, which allowed only rough comparisons. Additionally, the maximum penetration depth of the present equipment (approximately 100 ft) allows examination of only the upper part of the saturated zone in most areas, and subdivision of that zone would not be realistic.
Electromagnetic terrain-conductivity surveying can be useful in contaminant-plume investigations where geohydrologic and cultural conditions are favorable. Under such conditions, a conductive plume can be delineated with finer lateral resolution than could be provided, practically, by ground-water sampling at observation wells. Electromagnetic techniques do not, however, identify the chemical constituents of the water and cannot replace observation-well sampling. Information gained through use of this technique permits selection of optimal sites for placement of observation wells to minimize the costs and manpower involved in well installation.
